Hydrogels are crosslinked hydrophilic polymers that undergo swelling in water. The gel volume is affected by many environmental parameters including temperature, pH, ionic strength, and solvent composition. Therefore, these factors have been traditionally used for making smart hydrogels. DNA, on the other hand, is a special block copolymer. Incorporation of DNA within a hydrogel network can have several important effects. For example, DNA can serve as a reversible crosslinker modulating the mechanical and rheological properties of a hydrogel. Second, DNA can selectively bind to a variety of different molecules. Attaching these binding DNAs inside (aptamers) the hydrogel makes it possible to expand the range of stimuli to chemical and biological molecules. At the same time, the gel matrix can also improve DNA-based sensors and materials. For example, the hydrogel can be dried for storage and rehydrated prior to use and the immobilized DNAs are protected from nuclease cleavage. The gel backbone property can also be tuned to affect the interaction between DNA and other molecules. The rational functionalization of DNA in hydrogels has generated a diverse range of smart materials. In the last 15 years, the field has made tremendous progress and some of the recent developments have been summarized in this review. Challenges and possible future directions are also discussed.
Introduction
Hydrogels are crosslinked hydrophilic polymer networks that possess many attractive physical properties.
1-9 A hydrogel can absorb and retain a large amount of water, up to several hundred fold of the gel dry mass. The amount of retained water or swelling is reflected by the gel volume and is influenced by solution conditions, such as temperature, pH, ionic strength, solvent composition, as well as light and electric field. 10 Therefore, a number of smart hydrogels have been prepared to be responsive to these stimuli. For example, hydrogels polymerized from the monomer Nisopropylacrylamide (NIPAm) show a large temperature-dependent volume change. 11 If the temperature is below the lower critical solution temperature (LCST) for pNIPAM, the water-polymer interaction is strong to swell the gel. Above this temperature, the hydrogen bonds between the gel and water break and the polymer interacts with itself through the hydrophobic interaction of the isopropyl group to decrease the gel volume. 12 In another example, a polyacrylic acid gel swells more at higher pH, where the polymer chains are highly negatively charged. If the ionic strength is increased, the gel swelling is reduced due to the screening of the repulsive charge. These stimuli responsive properties have been widely used to make stimuli responsive materials 3 for various applications including controlled drug release systems, sensors, cell culture substrates, flow control, and other smart materials. [13] [14] [15] [16] [17] With significant progress being made in the design of responsive hydrogels, however, the choice of input stimuli has been quite limited. For many bioanalytical and biomedical applications, it is highly desirable to have hydrogels responsive to small molecule metabolites, nucleic acids, proteins, and other chemical and biological inputs. For example, insulin release in response to glucose concentration change is needed for treating diabetes. Towards this goal, various biomolecular interactions have been employed. [18] [19] [20] [21] Majority of the published work has focused on peptide and protein-functionalized hydrogels. In the seminal work by Miyata et al, IgG and its antibody were covalently attached to polymer chains, which subsequently formed a hydrogel with the binding between these two molecules. 18 Addition of free IgG induced gel swelling because free IgG competed with the immobilized IgG to reduce the crosslinking density.
While proteins have been the major player in realizing biological functions in terms of catalysis and molecular recognition, our understanding of DNA has drastically expanded in the past twenty years from a pure genetic material to a versatile functional polymer. [22] [23] [24] [25] [26] [27] [28] Thanks to the invention of solid phase DNA synthesis, DNA with arbitrary sequences up to 100 nucleotides containing various chemical modifications can be routinely synthesized. This has fueled the development of DNA nanotechnology leading to the demonstration of remarkable DNA structures and devices. 22, 29, 30 DNA is also used as a template to assemble various inorganic nanoparticles to form nanoparticle oligomers, 25 large aggregates, 26 crystals, 31, 32 and various 2-D periodic structures. 23, 33 At the same time, the invention of polymerase chain reaction (PCR) has revolutionized nucleic acid biotechnology. Combinatorial selection methods have been developed to isolate DNAs with catalytic and molecular recognition functions. [34] [35] [36] Therefore, chemical and biological functions that used to be exclusive to proteins can now be realized using DNA. 41 and the second one appeared six years later. 42 In the last several years, however, a lot of exciting new developments have been reported showing applications in controlled protein release, sensing, and in making smart materials.
Since hydrogels are prepared in solution, they can be readily made into many different physical forms including monoliths, thin films, and micro/nanoparticles. Each form has a different cargo loading capacity, release kinetics and mechanical property. For example, micro/nanoparticles are useful for drug delivery while thin films are ideal for cell culturing and for making various fast response transducers.
Monoliths, on the other hand, are easy to handle, to observe, and to incorporate into devices. As a result, most of the reported DNA-functionalized hydrogels are monolithic materials, which will also be the main focus of this review. The involved design principles, however, are also applicable to other gel forms. This review is also focused on oligonucleotide-functionalized hydrogels where the DNA sequence is usually less than 100 nucleotides. Genomic DNAs have also been used to form hydrogels with cationic surfactants, [43] [44] [45] [46] [47] [48] polymers, [49] [50] [51] chemical crosslinkers, 52, 53 and inorganic materials. 54 These gels are based on non-specific electrostatic or hydrophobic interactions and are not reviewed here. In addition, hydrogels containing DNA for gene delivery purposes are also excluded from this review. [55] [56] [57] DNA-functionalized 5 hydrogels can respond to stimuli in several different ways. We start with the sol-gel transition, followed by the reversible gel volume change, and end with gels that can generate optical signals.
DNA as a functional polymer
Apart from its biological function, DNA is a block copolymer with just four kinds of monomers (A, T, C, G) linked by the phosphodiester bond. Each phosphate carries a negative charge and DNA is a polyanion. In an aqueous solution, the B-form double-stranded (ds) DNA has a diameter of ~2 nm and a persistent length of ~50 nm, allowing it to be treated as a rigid rod. By heating ds-DNA above its melting temperature, two flexible single-stranded (ss) DNAs are generated. This basic understanding has allowed DNA to be widely used as a special polymer that can provide predictable binding and can be controlled with sub-nanometer precision.
Unlike most synthetic polymers, the arrangement of the four monomer units in DNA can be preciously controlled, which directly affects the DNA property. For example, certain ss-DNA can selectively bind to molecular targets and these binding DNAs are known as aptamers. 34, 35 Figure 1A shows the secondary structure of a thrombin binding aptamer that folds into a G-quadruplex. Thrombin is an important serine protease and is often used as a model protein to test aptamer binding. Figures 1B and C present the structures of adenosine and cocaine aptamers, respectively; both have a dissociation constant (Kd) in the low μM range. 58, 59 Figure 1D shows a thymine rich DNA capable of binding Hg 2+ to form T-Hg 2+ -T base pairs. 60, 61 Aptamers can rival antibodies in terms of binding affinity, specificity, and range of target molecules. 62, 63 In addition to the four examples shown here, hundreds of aptamers have been isolated to bind to many different target molecules. 
Conjugate chemistry
DNA can be modified with many functional groups including amino, biotin, acrydite, azide, and thiol to accommodate a variety of attachment chemistry. Most of DNA-functionalized gels are acrylic-based. To date, two methods have been used to covalently incorporate DNA into a hydrogel. In the first case, an amino-modified DNA reacts with a monomer or a polymer containing a reactive succinimidyl ester to form an amide bond ( Figure 2A ). As a result, the DNA is modified with an acrydite group or incorporated into the gel. This reaction can take place before or after hydrogel/polymer formation, which may allow a uniform DNA distribution within the gel or selectively attaching DNA only to the gel surface. In the second approach, acrydite-modified DNA can be directly incorporated during gel formation as shown in Figure 2B . An acrydite DNA has a similar activity or reactivity as free acrylamide monomers allowing high incorporation efficiency. 64 Unlike the amino-modified DNA, where both 3' and 5'-modifications are available, the acrydite modification is currently only available on the 5'-end.
In addition to forming covalent linkages, DNAs can also be entrapped in the hydrogel network.
The advantage of entrapment is the reduced cost associated with modified DNA synthesis. However, entrapped DNA can still leach out via diffusion. Being a polyanion, the diffusion of entrapped DNA may 7 be reduced by increasing the DNA length, gel percentage, or by using cationic monomers to form the gel. 65 The diffusion may be further reduced by linking DNA to large proteins and microparticles. Copolymerization of acrydite-modified DNA into polyacrylamide.
Stimuli-responsive sol/gel transition
In the sol-gel process, gels are formed from solution and can be made into different sizes and shapes.
Physical properties such as viscosity drastically change upon gel formation and can be easily observed.
Typically, chemical crosslinkers such as N,N'-methylene-bis-acrylamide are used to form acrylamidebased gels and such gels cannot be easily degraded or cleaved to return to the sol state, resulting in a permanent 3-D polymer network. Instead of using bis-acrylamide, if DNA hybridization is employed to crosslink polymer chains, reversible and thermally responsive gels can be prepared. The first work in this field was reported by Nagahara and Matsuda in 1996. 41 They prepared a block copolymer using N,N-dimethylacrylamide and N-acrylaoyloxysuccinimide. The latter monomer can react with aminomodified DNAs (see Figure 2A ). Two polymer chains were prepared using different DNA sequences. A hydrogel was formed after the addition of a linker DNA to assemble the two DNA strands as shown in Figure 3A . The gel reversibly transitioned into sol upon heating because of DNA melting.
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In principle, this system can be used to detect the linker DNA. Practically, however, this does not appear to be a very attractive method for DNA detection since the amount of linker DNA required to induce the sol-gel transition is at mM level. Nevertheless, this pioneer work has demonstrated the feasibility of forming hydrogels with DNA and has worked out the conjugate chemistry. Interestingly, in the same year, DNA was also linked to gold nanoparticles (AuNPs) and the assembly of nanoparticle "gels" with a linker DNA was demonstrated. 25, 26 Apparently, the AuNP work has received far more attention due to the attractive optical property of AuNPs that makes ultrasensitive colorimetric DNA detection possible.27, [67] [68] [69] Six years later in 2002, a conference proceeding was published by the Langrana group, 42 followed by a full paper in 2004 reporting the mechanical property of such DNA-crosslinked hydrogels. 70, 71 They employed a system shown in Figure 3B , where the linker DNA contained an overhang (in red). This overhang can facilitate the removal of the linker in the presence of the complementary DNA (c-DNA).
This reaction occurs spontaneously at constant temperature, omitting the need for heating. The authors measured the viscosity of the system as a function of both crosslinking density and temperature. They found that gels formed only if the crosslink concentration was higher than ~23%. The viscosity of the system also decreased with increasing temperature. Addition of the c-DNA to the gel induced a faster leakage of entrapped fluorophores. This work clearly demonstrated the ability of DNA crosslinked gels to be responsive to multiple stimuli, not only temperature but also the c-DNA. Later, Simmel and coworkers used fluorescent quantum dots (QDs) as probes and the diffusion of QDs within the gel was monitored by fluorescence microscopy and fluorescence correlation spectroscopy. 72 The kinetics of the gel-to-sol transition induced by the c-DNA was quite slow (likely due to the relatively large size of DNA) and several hours were needed to observe improved diffusion kinetics of the entrapped QDs. Towards the end of the paper, the authors mentioned that introducing aptamers or aptazymes to such hydrogels may be more practical for controlled drug release applications.
The use of aptamers to prepare stimuli-responsive inorganic materials has been reported using AuNPs, [73] [74] [75] [76] QDs, 77 and magnetic nanoparticles. 78 Tan and co-workers first showed that a gel-to-sol transition can be achieved using an aptamer-assembled hydrogel. 79 In Figure 3C , the green strand represents the aptamer for adenosine. In the absence of adenosine, the aptamer DNA behaved similarly to a normal DNA participating in crosslinking the hydrogel. Addition of adenosine induced aptamer folding to break the crosslink. Since adenosine is a small molecule, its diffusion into the monolithic gel was much faster compared to the c-DNA as shown in Figure 3B . While AuNPs can serve as a visual indicator for gel dissolution as shown in Figure 3D , a high concentration of AuNPs can give an intense background color, which makes the detection of a small amount of released AuNPs difficult. As a result, this detection method is not analytically sensitive. To solve this problem, the Yang and Tan groups entrapped an enzyme amylase within a cocaine aptamer crosslinked hydrogel (Figure 4) . 80 In the presence of cocaine, amylase was released due to hydrogel dissolution to convert amylose into small sugar molecules, which were colorless in the presence iodine.
Otherwise an intense blue color was observed due to the well-known amylose/iodine interaction. Since each enzyme can catalyze the conversion of many amylose molecules, the gel does not have to completely dissolve to show this effect. As a result, even 2 μM cocaine can be visually detected. Recently, Zhang, Tan, and co-workers also engineered a photoresponsive hydrogel crosslinked by DNA. 81 The linker DNA contained azobenzenes, which can stabilize the DNA duplex in the trans-form but destabilize it in the cisform.
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Figure 4. Detection of cocaine using a hydrogel containing entrapped amylase. In the gel state, the enzyme cannot digest amylose and a blue color is observed in the presence of iodine. In the presence of cocaine, the gel network is disrupted to release amylose to give a transparent solution.
In addition to making sensors, DNA crosslinked hydrogels have also been used for controlled release. For example, Mi and co-workers prepared a DNA-functionalized polyacrylamide hydrogel, where the thrombin aptamer was included in the DNA for crosslinking the gel. Therefore, this gel was able to retain >90% of the thrombin protein even after soaking in buffer for a week. 83 Addition of the cDNA inactivated the aptamer and induced the gel-to-sol transition, resulting in complete release of thrombin. The same group further demonstrated that it is possible to selectively retain thrombin in the gel while releasing bovine serum albumin using this system. 84 Therefore, they were able to isolate thrombin from a mixture of these two proteins. By attaching an aptamer for platelet-derived growth factor (PDGF)
to a hydrogel backbone, Wang and co-workers found that the gel released PDGF at a slower rate compared to the non-functionalized gels. Several different aptamers with different PDGF binding affinities were tested and the release rate was found to be proportional to the aptamer Kd's. 85 Based on this understanding, the Wang group further demonstrated a pulsatile protein release system where protein release was triggered by the addition of the c-DNA. 66 In addition to proteins, controlled release of DNA was demonstrated by Venkatesh et al. 86 In this work, an acrydite-modified DNA was attached to the hydrogel backbone and the DNA to be released was hybridized to the acrydite DNA. Release was achieved via restriction enzyme cleavage. The released fragment can perform various biochemical functions, depending on the DNA sequence.
The gels reviewed so far contained both synthetic polymers and DNA, where the gel backbone is made-up mainly by synthetic polymers. The role of DNA ranges from crosslinkers to functional side chains. Interestingly, it is also possible to prepare hydrogels just with DNA. 87, 88 Starting with 3-way or 4-way branched DNA structures with sticky ends as monomers, the Luo group successfully prepared hydrogels in the presence of a DNA ligase. 88 This system was tested as a controlled drug release system.
The same group also entrapped an in-vitro transcription and translation system, which showed a 300fold
higher efficiency compared to the same reaction in solution. 89 Instead of using the DNA ligase to form covalent linkages between DNA building blocks, the i-motif DNA formation was harnessed by Liu and co-workers to make DNA gels. As shown in Figure 5A , the three-way DNA junction monomer contained C-rich overhangs. 90 At low pH, these C-rich ends self-assemble to form the i-motif due to protonation of the cytidines (Figure 5B ), resulting in gel formation ( Figure 5C ). Addition of base to the system resulted in an immediate gel-to-sol transition. Since the stimulus was just protons in this case, the response of the gel was very quick. One disadvantage of using the i-motif as crosslinker is that the gel is stable only at acidic pH and therefore cannot be used under physiological conditions. 91 To address this problem, the authors further engineered the building blocks to contain 8-mer overhangs. Under appropriate stoichiometry, hydrogel formed spontaneously without the need for adding DNA ligase. 
Reversible change of gel property
While the gel-to-sol transition is easy to observe, such gels cannot be easily regenerated. For example, after addition of a target molecule to dissolve the gel, it is often difficult to remove the molecule to restore the gel state (except for special stimuli such as proton). For many applications it is more desirable to achieve a reversible change of gel property such as volume expansion or shrinkage. Such gels have been demonstrated via protein and antibody attachment. 20 In the past several years, DNAfunctionalized hydrogels have also been tested using three different strategies. In 2005, Langrana and co-workers reported a system shown in Figure 6A . 92 A hydrogel was formed with a linker DNA containing a large insertion of nucleotides in the middle (in red). Since the ss-DNA gap was quite flexible, the gel had a low modulus. Addition of the fuel strand (in green) complementary to the gap increased the modulus by forming rigid ds-DNA. Addition of the removal DNA reset the system to its original state. In this whole process, the gel state was maintained since the two ends of the linker DNA responsible for crosslinking the gel were intact.
Murakami and Maeda employed dual modified DNAs with each of the ends labeled with an amino group. 93 As a result, the gel network was permanently crosslinked unless the DNA chain was cleaved. If the DNA can fold into a hairpin ( Figure 6B ), the gel was initially in a more compact state due to the short DNA end-to-end distance. Addition of the c-DNA resulted in gel expansion with the formation of rigid ds-DNA. A photograph showing DNA-induced gel volume change is shown in Figure 6D . If the linker DNA did not have any secondary structure ( Figure 6C ), the authors observed gel shrinkage upon addition of the c-DNA, which was attributed to dehydration associated with the formation of ds-DNA. 94 As can be observed from Figure 6D , the amount of gel volume change in this process was quite small. In most cases, such volume change was less than 20%, which was comparable to the responsive gels prepared with proteins. Such a small volume change makes it difficult for quantitative visual inspection with the naked eye. To solve this problem, several methods have been tested to improve the 14 detection. For example, Tierney and Stokke prepared a hydrogel thin film with a thickness of ~50 m on the tip of an optical fiber. Incident light from the fiber was reflected back by the hydrogel and the change of gel volume was converted to the change of the optical path length, which can be sensitively detected by an optical interferometric technique with a resolution of ~2 nm. The hydrogel design is shown in Figure 6E , where the gel was crosslinked with both bis-acrylamide (black dots) and DNA. The DNA linkages can be disrupted by adding a competing strand shown in green. With this technique, even 0.5 μM of the competing strand can be detected. Recently, the effect on the number of DNA base pairs in Figure 6E has been carefully studied. 95 As can be expected, the gel swelling kinetics was faster if the competing strand can form more base pairs with the immobilized DNA.
Gu and co-workers reported an interesting system where a uniform hydrogel film was prepared using silica colloidal crystal beads as a template. 96 After removal of the beads, the gel had an ordered inverse opal structure. Light reflected by this structure was modulated by gel swelling, which was in turn controlled by the presence of a linker DNA. The gel and DNA design was similar to that shown in Figure   6C . This system showed a remarkable sensitivity of 1 nM target DNA as well as a wide dynamic range up to 1 mM DNA. 
Hydrogels with optical responses
In majority of the work reviewed so far, at least 4% hydrogels were prepared. For polyacrylamide gels, this corresponds to a monomer concentration of ~560 mM. To form a gel, the chemical crosslinker (e.g.
bis-acrylamide) is typically greater than 0.2% of the monomer concentration to ensure good mechanical property of the gel. Therefore, if all of the crosslinks have to be established via DNA hybridization, millimolar DNA is needed. Indeed, very high concentrations of DNA were used to prepare most of these gels. Even in the case where DNA was used to achieve reversible volume change and crosslinks were established by bis-acrylamide, a similar DNA concentration was required to observe the desired effects.
Researchers in the DNA bioanalytical chemistry field routinely work with nM or low μM DNA, which is sufficient to be detected by a fluorometer or by UV-vis spectrophotometer. The thousand to million fold increase in DNA usage is apparently one of the disadvantages of using DNA to prepare such gels.
The need for high DNA concentration appears to be inevitable to prepare traditional stimuli responsive hydrogels using mechanical properties or gel dissolution as an output. On the other hand, a much lower DNA concentration is sufficient for gels with optical outputs. In addition to the cost advantage, the use of a lower concentration of DNA is likely to increase detection sensitivity. My group is interested in designing hydrogels with a visual response and our strategy is to immobilize DNA optical sensors within hydrogels. There are several advantages for using hydrogels for sensor immobilization.
First, it has a much larger loading capacity compared to planar surfaces because the immobilization is in 3-D. Second, hydrogels are transparent with a very low optical background, making it easy to observe visual signals. Third, hydrogels can be readily dried, allowing long-term storage. Fourth, the gel matrix can protect the DNA inside the gel from nuclease degradation. Fifth, immobilization also allows for sensor regeneration. Finally, the gel backbone can be engineered to improve sensor performance. All these features have been explored.
We first demonstrated the concept by immobilizing an acrydite-modified Hg 2+ binding DNA (see Figure 1D for sequence) in a polyacrylamide hydrogel. 97 Since the gel was crosslinked by bisacrylamide, only 10 μM DNA was used, which was sufficient for visual detection. The signal generation was achieved by adding a DNA intercalation dye SYBR Green I (SG). 98 We found that in the absence of Hg 2+ , the gel appeared to be fluorescent yellow while addition of Hg 2+ induced green fluorescence ( Figure 7A ). The immobilized DNA can actively adsorb Hg 2+ and thus a sample volumedependent sensitivity was observed. For example, with 1 mL sample, ~200 nM Hg 2+ was needed to visually observe while in a 50 mL sample, 10 nM Hg 2+ can be detected ( Figure 7B ). The fluorescence intensity can be quantified using a gel documentation system. In this case due to the strong yellow background fluorescence, only ~30% fluorescence increase was observed ( Figure 7C ). Because of the immobilization, the hydrogel can be easily regenerated using acid treatment and the gel can also be dried for storage and rehydrated prior to use ( Figure 7D ). The resistance to nuclease degradation was also demonstrated. Since the DNA was immobilized in a 3-D gel matrix, the property of the gel can influence the interaction between DNA and target molecules. This feature, however, has rarely been explored in the literature. Based on the Hg 2+ sensing hydrogel described above, we prepared also cationic gels containing allylamine and anionic gels containing 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS, see Figure 8A for structure). 99 Interestingly, the AMPS gel showed a similar yellow-to-green fluorescence change upon Hg 2+ addition, but the cationic gel showed significantly reduced background fluorescence in the absence of Hg 2+ ( Figure 8B ). SG can bind to ds-DNA through strong intercalation and minor groove binding but to ss-DNA through weak electrostatic interactions. In the case of the cationic gel, the SG dye was repelled by the gel and the DNA tended to interact with the gel backbone instead of the dye. Therefore a low fluorescence was achieved. Addition of Hg 2+ resulted in ds-DNA formation to which SG can bind with a high affinity to generate strong green fluorescence. A scheme of this process is shown in Figure   8D . Using the cationic gel containg 20% allylamine, ~300% fluorescence increase was observed ( Figure   8C ). The detection limit was determined to be 1.1 nM, which was among the highest in all reported Hg 2+ sensors. While visual fluorescence detection is highly sensitive, a UV lamp and a dark room are required.
Taking advantage of hydrogels being transparent with a very low optical background and the high extinction coefficients of AuNPs, we also demonstrated colorimetric DNA detection with hydrogels. 100 In this system, two probe DNAs were used; one immobilized on the hydrogel and the other on AuNPs ( Figure 9A ). In the presence of the target DNA, the AuNPs were immobilized on the gel giving a red color. With this method, ~ 1 nM DNA can be visually detected ( Figure 9B ). The immobilized AuNPs can also be used to catalyze the reduction of Ag + for signal amplification. A detection limit of 1 pM DNA can be achieved with visual inspection ( Figure 9C ). Since AuNP attachment was realized via 20 DNA hybridization, the gels can be regenerated by a simple heat treatment. Furthermore, if the target DNA contained base mismatches, the AuNPs were released at a lower temperature ( Figure 9D ,E), allowing highly selective DNA detection. 
DNA sensors entrapped in gels.
In addition to covalent functionalization of hydrogels with DNA, DNA-based sensors have also been physically entrapped in gels. By eliminating the acrydite or amino modifications, the cost of DNA synthesis is reduced. However, such sensors may not be easily regenerated and the entrapped DNA may leach out of the gel matrix. The Li and Brennan groups entrapped fluorescent signaling aptamers in solgel derived silica gel. Two types of sensor designs were tested as shown in Figure 10A and B, where the sensors respectively contained either three or two strands of DNA. 101 In both cases, the aptamer (in green)
binding to its target (ATP) released the quencher-labelled DNA, resulting in fluorescence increase ( Figure 8D ). The authors demonstrated that DNA leaching can be reduced by the addition of a small fraction of cationic monomer. Interestingly, attaching such signaling aptamers to streptavidin did not improve the retention of the sensor inside gel. Overall a leaching of 12-49% was observed. Although the fluorescence signal increase was slower for the entrapped sensors compared to that for solution phase assays, the final fluorescence increase was similar. The authors further showed the use of such entrapped aptamer sensors to perform high throughput screening for enzyme inhibitors and for metal ion detection. 65, 102 Nielsen et al employed an aptamer sensor design first reported by the Tan group ( Figure 8C ). 103 In this case, the sensor is composed of only a single DNA strand which contained a fluorophore, a quencher, the ATP aptamer sequence and a polymer spacer. The sensor was entrapped in 30 nm diameter polyacryladmide hydrogel nanoparticles, which were delivered into yeast cells to measure the cellular ATP concentration. 
Conclusions and future perspectives
With the invention of solid phase DNA synthesis, PCR, and the availability of a wide range of enzymes that can manipulate DNA, it is now quite easy to prepare various DNA-polymer conjugates with unique structures and functions. 105, 106 Hydrogels are a unique type of polymeric structure with many attractive properties. For example, the volume and phase of hydrogels can be engineered to be sensitive to many environmental conditions including temperature, pH, ionic strength, and solvent composition. On the other hand, DNA is a special polymer; incorporation of DNA into hydrogel can significantly expand the range of stimuli to metal ions, small molecules, nucleic acids, and proteins. The output has also been expanded from the traditional volume change to optical signals. From the examples developed in the past 15 years, the advantages and applications of using DNA as a functional polymer in hydrogel have been clearly demonstrated.
To move the field forward, there are several challenges to be addressed. For example, modified synthetic oligonucleotides are quite expensive if mM concentrations are required to make hydrogels. One question to be address is to reduce the amount of DNA but can still achieve the desired gel response.
Second, hydrogels (especially monoliths) are heterogeneous systems. Many techniques that are routinely 22 used for measuring solution fluorescence properties cannot be easily applied to hydrogels. Fluorescence or absorption intensity and wavelength (color) are the major means for detection, which is an advantage in terms of instrument-free detection. The signal change has to be large to be visually detected. Therefore, better sensor designs are needed to accommodate these requirements in a hydrogel. Given the advantages that hydrogels can bring, such studies are well warranted. At the same time, practically useful sensing systems need to be demonstrated to justify the use of DNA to functionalize hydrogels. This will require the isolation of aptamers for biologically and environmentally important targets. Third, most current work employed hydrogel as a matrix for DNA immobilization without paying attention to the effect of gel charge, hydrophobicity, or gel percentage. These studies are not only practically important but also help understand the fundamental interaction between DNA, hydrogel, and small molecules. Finally, there are also technical issues. For example, monolithic hydrogels are bulk and it takes a long time for large chemical stimuli to diffuse in. This has been quite obvious in the examples described above, where protons can induce the gel-to-sol transition in ~1 min, cocaine needs more than 10 min, and thrombin and DNA can take hours. Therefore, the design of gels that can respond quickly to macromolecular input is a challenge. This may be solved by engineering the internal pore structure of hydrogel to make diffusion faster. Alternatively, the size of the gel can be reduced to prepare gel films, 107, 108 as well as hydrogel nanoparticles. 104, 109, 110 More advanced applications including using such functionalized gels for tissue engineering and for cell culture can also be envisioned.
